This study evaluated the effect of energy-gathered ultrasound treatment on the antioxidant and physicochemical properties of soluble dietary fiber (SDF) from garlic straw. Results showed ultrasonic power and time play an important role in the antioxidant activity of SDF. The strongest activity of scavenging hydroxyl and 1,1-diphenyl-2-picrylhydrazyl (DPPH) radicals was obtained at ultrasonic treatment of 100 W for 20 min. SDF modified by ultrasound exhibited improved water holding capacity, oil holding capacity, swelling capacity and cholesterol binding capacity. Ultrasonic-treated SDF had lower viscosity than that of untreated SDF. Furthermore, atomic force microscopy (AFM) measurement showed that ultrasound degraded SDF into fragments with smaller particle size. Ultrasound treatment did not change the primary structure of SDF in the test conditions according to the result determined by FTIR. The overall results indicate that SDF from garlic straw treated by energy-gathered ultrasound has great potential to be used in functional foods.
Introduction
Garlic bulb is one of the edible plants that have attracted particular attention because of its widespread medicinal and nutritional values. With the trend of increased consumption of garlic bulb, the garlic agriculture produces a great amount of straw byproducts every year, which is simply disposed or thrown causing serious environmental problems in the community. [1] The productive use of such by-products could offer substantial economic benefits.
In recent years, dietary fiber (DF) attracts extensive concern from consumers and researchers, due to its health benefits. [2, 3] DF is generally classified into insoluble dietary fiber (IDF) and soluble dietary fiber (SDF) fractions based on their solubility in water. Many of the beneficial health benefits attributed to DF are related to SDF, as for reducing risks of hypertension, diabetes, obesity, cardiovascular and colorectal cancer diseases. [4] SDF is not only desirable for its nutritional value but also popular for its bioactive properties and its superiority in physicochemical properties. [5, 6] These properties include stronger antioxidative activity, higher capacity to form gels, better emulsifiers, and fat replacers, which contribute to the different applications in food design and manufacturing. [7] [8] [9] Nevertheless, the nature of SDF aggregation limits its manufacturing interest. [10] Many chemical, physical, and biological technologies have been used to modify DF from different food sources. However, as far as no information was available on the modification of SDF from garlic straw. The main advantage of SDF from garlic straw was its similar compounds to garlic bulb, which will endow the products with more functional properties. Therefore, it is of great value to develop an effective modification method that improves garlic straw SDF quality and physicochemical properties.
Soluble dietary fiber mainly includes pectins, gums, and mucilages. It was reported that the physiological properties of guar gum can be improved by enzymatic hydrolysis and gamma radiation. [11] Molecular weight of polysaccharide from Schizophyllum commune and Porphyra yezoensis Ueda can be degraded by ultrasound, resulting in high anti-inflammatory activity and high antioxidant activity. [12, 13] Ultrasound technology has been widely used in the factory to improve the physicochemical and functional properties of food. Efficacies of different ultrasonic equipment were compared in terms of acoustic and hydrodynamic cavitation. [14, 15] "Energy-gathered ultrasound" is realized by avoiding the waste of energy, due to the direction of the ultrasound wave contrary to that of the solution. This kind of machine is equipped with a probe which can generate different power. The periodic mechanical motions of ultrasonic probe transfer energy into the fluid medium and generate high temperatures, pressures, and shear forces. These effects can break glycosidic bonds in the main chain of carbohydrates, leading to the changes of structural, physicochemical, and functional properties of SDF. [16] Therefore, it can be inferred that the functional properties of garlic straw SDF can be modified by energy-gathered ultrasound. Compared with other pretreatment methods, the ultrasonic method has advantages of saving energy and time and reducing the consumption of organic solvents.
In this paper, the effect of energy-gather ultrasound on the antioxidant activity of garlic straw SDF was investigated. The in vivo physiological effects of SDF before and after ultrasonic treatment were predicted by an in vitro determination of the physicochemical and functional properties. Atomic force microscopy (AFM) and Fourier-transformed infrared spectroscopy (FTIR) were used to characterize the structural changes of the SDF induced by ultrasound. The information obtained from this study is useful for the interpretation in the relationship between the structure of garlic straw SDF and its biological functions.
Materials and methods

Materials
Garlic (Allium sativum L.) straw, collected after harvesting garlic, was offered by Shandong Jinxiang Chengong biotechnology Co., Ltd. (China). Heat stable α-amylase (enzyme activity≥50,000 U/ml) was purchased from Wuxi Xuemei Enzyme Preparation Sci-tech Co., Ltd. (Jiangsu, China). Amyloglucosidase (enzyme activity≥100,000 U/ml) and papain (enzyme activity≥50,000 U/g) were obtained from Gold Wheat Biotechnology Co., Ltd (Shanghai, China). 1,1-diphenyl-2-picrylhydrazyl (DPPH) was obtained from Sigma (St. Louis, MO, USA). All other chemicals were of analytical grade and purchased from Sinopharm Chemical Reagent Co. Ltd (Shanghai, China).
Preparation of soluble dietary fiber (SDF) from garlic straw
Garlic straw was cleaned, outdoor dried and then cut into small pieces (1-2 cm). The chopped straw was ground to pass through a 0.25 mm size screen. SDF was extracted from garlic straw according to the AOAC method 991.43, total, soluble and insoluble dietary fiber in foods with slight modifications. [17] Garlic straw powder was mixed with 30 times volume of deionized water and hydrolyzed with 5% (enzyme/substrate, E/S, v/w) heat stable α-amylase at 95°C for 35 min. After the temperature of hydrolysates was decreased to 60°C, papain solution (50 mg/ml) was added with amount of 10% (E/S, v/w) and went further hydrolysis for 30 min at 60°C. The pH was adjusted to 4.5 with 3 M acetic acid and 10% (E/S, v/w) of amyloglucosidase was added, followed by stirring at 60°C for 30 min. In the end, the resulting slurry was heated in a boiling water bath for 10 min to terminate hydrolysis, and then centrifuged at 4500 g and 25°C for 15 min. The supernatant was collected and condensed to one-tenth in vacuum rotary evaporation system. The concentrated supernatant was mixed with 95% (1:4, v/v) ethanol at 4°C for 12 h and subjected to centrifugation at 4500 g for 15 min. The resulting residue was washed with 78% ethanol, 95% ethanol and dried in a cabinet dryer (DHG-9140A, Yiheng, Shanghai, China) at 50°C. The dried flocculate was milled and passed through a 0.25 mm sieve. The powder obtained was SDF and then stored at 4°C. The extraction yield of SDF from garlic straw was about 9.12%. The purity of SDF was measured according to the AOAC [17] and the value was 85.6%.
Treatment of SDF by energy-gathered ultrasound SDF powder was dispersed in water at 25°C under continuous magnetic stirring for 1 h to have a final concentration of 40 mg/ml. Two hundred milliliters of SDF suspension was put into a 250 ml beaker, and the beaker was placed in a thermostatic water bath at an initial temperature of 25°C for 10 min. Then, the suspension was sonicated in ultrasound processor (Model GA99-IID, Shangjia Biotechnology Co., Wuxi, China) with a 2.0 cm flat tip probe at 20 kHz. The on-time of pulsed ultrasound was 2 s and off-time was 2 s. One group was used to investigate the effect of ultrasonic power (0, 50, 100, 150 and 200 W) for 20 min. The other group was used to investigate the effect of ultrasound at different irradiation time (0, 5, 10, 20, and 30 min) at 100 W. After ultrasonic treatment, samples were centrifuged at 4500 g for 10 min. The supernatant was collected and lyophilized for further measurements.
Hydroxyl radical scavenging ability assay
The hydroxyl radical (OH) scavenging activity was determined according to the method of Smirnoff and Cumbes [18] with slight modifications. SDF was dissolved in deionized water to obtain different concentrations. Two milliliters of SDF solution was mixed with 2 ml of 3 mM FeSO 4 , and then 2 ml of 3 mM H 2 O 2 was added. The mixture was incubated in a water bath at 25°C for 10 min. Following this, 2 ml of 6 mM salicylic acid was added and incubated for further 15 min. Then, the mixture was centrifuged at 5000 g for 10 min. Absorbance of the supernatant was read at 510 nm against blank mixture. For the control, SDF was substituted by water. The ability to scavenge OH was calculated as follows:
where A 1 and A 0 were the absorbance of sample SDF and control, respectively. IC 50 (50% inhibitory concentration) value (mg/ml) is the concentration at which hydroxyl radicals were scavenged by 50%.
DPPH radical scavenging activity assay SDF powder was dissolved in deionized water to obtain different concentrations. Then, 3 ml of sample was mixed with 1 ml of 0.15 mM DPPH that was dissolved in 95% ethanol. After incubating at 25°C in the dark for 20 min, the mixture was centrifuged at 4000 g for 10 min and the absorbance of the supernatant was measured at 517 nm. For the control, distilled water was used instead of the sample. DPPH radical scavenging activity was calculated as:
where A 0 was the absorbance of the control and A 1 was the absorbance of the sample against a blank solution containing the sample without DPPH.
Water-and oil-holding capacities and swelling capacity
Water holding capacity (WHC): WHC was determined according to the method reported by Wang et al. [19] 1 g of dry sample was mixed with 70 ml of deionized water in a 100 ml beaker. The mixture was stirred at 25ºC for 24 h and centrifuged at 4000 g for 10 min. The residue was weighed, and WHC was calculated by the following equation.
where M 2 is the residue weight and M 1 is the weight of dry SDF (g).
Oil holding capacity (OHC): Sample (1.0 g) was mixed with soybean oil (30 ml) for 16 h at 25°C and then centrifuged for 10 min at 4000 g. The residue was collected and weighed. OHC was expressed as the weight of oil absorbed by SDF. [20] OHC g=g ð Þ ¼
where W 2 and W 1 are the residue weight and original weight of the dry sample (g), respectively. Swelling capacity (SC):1.0 g of sample was placed in a test tube and hydrated with 25 ml of deionized water at 25°C for 4 h. The bed volume (ml) was recorded. SC was calculated by the Eq. (5).
where V is the bed volume occupied by SDF (ml), W is the weight of SDF (g).
Adsorption capacities of SDF for glucose and cholesterol
The adsorption properties of SDF including glucose adsorption capacity (GAC) and cholesterol binding capacity (CBC) were determined based on the previous method reported by Huang et al. [21] Determination of rheological properties SDF solution (40 mg/ml) was loaded onto a stress-controlled rotational rheometer (DHR-1, TA Instrument, USA) equipped with peltier concentric cylinder conical DIN system. The SDF solution was equilibrated in a cup for 30 s prior to measurements in order to obtain a temperature of 25°C. Flow ramp analyses were performed with the shear rate from 0.01 s −1 to 100 s −1 at 25°C. Apparent viscosity and stress were recorded as functions of shear rate, respectively. [22] Atomic force microscopy (AFM) characterization A 5 μl drop of SDF suspension (40 μg/ml) was deposited on a cleaved mica substrate. The substrate was placed in an incubator for 12 h at 25°C and the solvent was allowed to evaporate. AFM images were generated by an atomic force microscope (Multimode 8, Bruker Inc. Germany) using standard peak force-mode silicon cantilevers. Height and phase images were obtained simultaneously in tapping mode with a resonance frequency of 150-200 kHz and a force constant of 5 N/m. The scan size was 20 μm, and the scan rate was 1 Hz.
Fourier-transformed infrared spectroscopy (FTIR)
The functional groups of SDF were identified by a spectrophotometer (Nicolet 6700, Nicolet instrument Co., USA). SDF was completely mixed with KBr by the ratio of 1: 250 (w/w) and pelletized. FTIR spectra were obtained in the wave number region ranging from 4000 to 400 cm . Taken KBr spectrum as background, spectra were obtained after baseline corrected.
Statistical analysis
Each experiment was carried out in triplicate. Statistical analyses were performed using SPSS statistics 19. Data were expressed as mean value ± standard deviation and analyzed using one-way analysis of variance (ANOVA) followed by Duncan's test. The confidence interval was 95% (P < 0.05).
Results and discussion
Effect of energy-gathered ultrasound on scavenging activities of hydroxyl and DPPH radicals
A limited amount of free radicals plays an inevitable role in regulating homeostasis and mediating stress responses in vivo. [23] However, excessive free radicals might cause oxidative damage to proteins, lipids, and DNA molecules, leading to many degenerative diseases. Thus, exogenous antioxidants are highly important to prevent some diseases such as Alzheimer's disease, cardiovascular disease and certain types of cancers. [24] The hydroxyl and DPPH radicals scavenging activities of garlic straw SDF were expressed in terms of IC 50 , which was defined as 50% inhibitory concentration by plotting scavenging activity as a function of SDF concentrations. Figure 1 (a) illustrates the effect of ultrasonic power on hydroxyl and DPPH radicals scavenging activities of SDF. It can be seen that at all intensities tested, ultrasound produced a positive effect on the free radical scavenging activity of SDF comparing to that of control (without exposure to ultrasonic irradiation). For hydroxyl radical scavenging activity, the IC 50 value decreased with the increase of ultrasonic power from 50 to 100 W, while increased when ultrasonic power extended to 200 W. No significant difference was observed between 100 W and 150 W (P> 0.05). As DPPH radical scavenging activity was concerned, similar IC 50 values were observed from ultrasonic power 100 W to 200 W. When the ultrasonic power was 100 W, IC 50 values of hydroxyl and DPPH radicals scavenging activities were decreased by 59.2% and 49.0% compared to those values of control.
The hydroxyl and DPPH radicals scavenging activities of SDF exposed with different ultrasonic durations at 100 W were displayed in Figure 1(b) . It is observed that the IC 50 value of hydroxyl radical scavenging activity was decreased from 1.17 mg/ml to 0.62 mg/ml as the ultrasonic time increased from 5 min to 20 min. However, the significant difference in hydroxyl radical scavenging activity between 20 min and 30 min was not detected. Figure 1 (b) also shows that the lowest IC 50 value of DPPH scavenging activity was obtained at ultrasonic time of 20 min. These results illustrate that ultrasonic pretreatment is an effective way for improving the antioxidant activity of SDF. It was reported that lower molecular weight of polysaccharides had more pronounced scavenging capacity on radical. [25] Therefore, increase of SDF antioxidant activity may be due to ultrasonic degradation. However, the real mechanism of this result needs to be further researched. 
Changes in physicochemical and functional properties of SDF with different treatments
The physicochemical and functional properties of ultrasonic-treated SDF were determined in comparison with control. The ability of SDF to retain oil is important to prevent fat loss during cooking, and also is beneficial for flavor retention. [26] As shown in Table 1 , ultrasonic power and time both showed significant influence on the OHC. The OHC of SDF treated by ultrasound was increased from 5.40 g/g to 6.01 g/g. Ultrasonic-treated SDF also exhibited significantly higher WHC and SC than control. The highest values of WHC and SC were increased by 26.9% and 65.0% compared to those of control. These high values of modified SDF might be attributed to porosity and specific surface area of dietary fiber induced by ultrasound. [20] These results were in agreement with previous reports on the effect of ultrasound on the properties of IDF. [21] Glucose and cholesterol adsorption capacities are useful in vitro indices to predict the effect of SDF on the decrease of glucose and cholesterol absorption in vivo. Table 1 shows that the highest value of CBC of ultrasonic-treated SDF was 9.40 mg/g, which was only increased by 7.92% over the untreated SDF (P < 0.05). However, GAC values of treated-SDF were all significantly decreased over control. Gupta et al. [11] reported that glucose dialysis retardation index was positively correlated with Mw and viscosity of dietary fiber. Therefore, the decrease of the GAC might mainly be due to the degradation of SDF induced by ultrasound.
Rheological property of garlic straw SDF
The rheological property of SDF treated by ultrasound at 100 W for 20 min was measured in comparison with control. Viscosity is an important physicochemical property that is related to the ability of dietary fiber to absorb water and form a gelatinous mass. [4] Figure 2 (a) shows viscosity profiles of garlic straw SDF which was plotted as shear rate dependence of apparent viscosity. It was observed that SDF exhibit typical shear-thinning behavior (also termed pseudoplastic) properties with high viscosities at low shear rates. The rheological properties always depend on some structural parameters, including distributions of molecular weight and substituents. [27] Ultrasound treated-SDF exhibited a significant decrease in viscosity. At a shear rate of 10 s −1 , the viscosity of treated-SDF and control were 0.010 and 0.037 Pa•s, respectively. The decrease in apparent viscosity of treated SDF solution can be mainly attributed to the reduction in particle size or changes in the particle shape induced by ultrasound treatment. Since the viscosity of viscous SDF plays an important role on physiological responses such as controlled postprandial glucose and re-absorption of bile acids [5, 28] , the decrease in viscosity of ultrasound treated-SDF might elicit the decreases in the binding capacities of glucose shown in Table 1 . The stress profiles are shown in Figure 2 (b). It can be seen that the shear stress exhibited a practically linear dependence on shear rate and the ultrasound treated-SDF had lower stress than control. Lundberg et al. [29] reported that lower shear stress correlated with smaller particle size for any given shear rate, which was expected due to decreased particle interactions with smaller fiber length.
AFM analysis
Atomic force microscope (AFM) is a powerful tool to measure the surface morphology, particle size and distribution, which are always related to functional properties of biological molecules . [30, 31] Therefore, the AFM images of ultrasonic-treated SDF and control were compared and results are shown in Figure 3 . Particle size was analyzed with Nanoscope Analysis software, and then Gaussian curve was fitted to size histograms of height distribution as shown in Figure 4 .
It can be seen that the aggregate particles of control showed a larger size with 122 nm height (Figures 3(a) and 4(a) ). When SDF was treated by ultrasound, well-distributed and smaller nanoaggregates were formed on the mica sheet surface due to the cavitation and mechanical effects of ultrasound (Figure 3(b) ). [32] The height of the ultrasonic treated-SDF particle was ranged from 70 nm to 77 nm (Figure 4(b) ). The micro-morphologies and particle height of SDF proved that ultrasonic treatment made garlic straw SDF degrade into smaller molecular fragments, which was in agreement with the result of rheological properties. This finding is also consistent with the report of Wang et al. [4] as well as Brummer et al. [33] stipulating that a smaller particle size of SDF can result in less particle interactions and thus lower apparent viscosity.
FT-IR analysis
FTIR spectra of SDF samples were analyzed to check for any structural changes that might have occurred through ultrasound treatment at 100 W for 20 min. The results are presented in Figure 5 . Typical peaks could be seen from the spectra of ultrasonic-treated SDF and control, including peaks around 3400, 2930, and 1050 cm −1 for O-H, C-H, and C-O-C vibrations, respectively. [34, 35] Two bands at 1630 cm −1 and 1420 cm −1 corresponding to the stretching vibrations of the carboxylate groups (C = O & C-O). [36] As Figure 5 shows, the FTIR spectra of ultrasound treated SDF has a spectrum superimposable over that of control SDF, implying that there are no changes in the functional groups and chemical structure during the treatment. The decrease in viscosity and particle size were mainly ascribed to breakage of glycosidic linkages which may be induced by free radicals or due to the physical effects of cavitation. [34] 
Conclusion
The results of the present work indicated that the ultrasonic degraded SDF from garlic straw exhibited stronger antioxidant activity than that of control. Ultrasound treatment also resulted in modified SDF with higher physicochemical properties, such as water holding capacity, oil holding capacity and swelling capacity. However, the GAC of ultrasonic-treated SDF was decreased over control, which was attribute to the decrease of viscosity induced by ultrasound treatment. The AFM results revealed that the garlic straw SDF was degraded into fragments of small particle size, which is correlated to the higher antioxidant activity and lower viscosity. FTIR spectra of control and ultrasound treated SDF showed a similar basic structure. This result ascertained ultrasound degradation did not change the primary structure of garlic straw SDF in the test conditions. Overall, the work suggested that ultrasound provided a viable alternative method for the modification of garlic straw SDF.
